INTRODUCTION
ent experiments investigate a specific molecular mechanism that could help mediate this process: whether specific patterns of neural impulses can regIn higher vertebrates, the interplay between genetiulate the mixture of different cell adhesion molecally predetermined and experientially regulated incules (CAMs) expressed in neurons. fluences on nervous system development is essential
The spatial and temporal expression of specific for normal development of many brain structures neural cell adhesion molecules is regulated precisely and functions (Fields and Nelson, 1992) . The presduring development and regeneration of the nervous system. By binding to appropriate CAMs expressed selectively on different neurons, CAMs regulate cell cules (Von Bohlen et al., 1992; , synaptogenesis (Jorgensen, 1995) , and synaptic plasticity in vertebrates (Muller et al., Gumbiner, 1993) . Cell adhesion molecules are broadly divided into two functional classes: cal-1996) and invertebrates (Peter et al., 1994; Davis et al., 1996; Schuster et al., 1996a,b) . Chemical cium-dependent and calcium-independent (Edelman and Crossin, 1991) . The present experiments depolarization increases L1 expression in N2a or cerebellar cells in culture without effects on NCAM, test members of both these families, including immunoglobulin (Ig) superfamily members NCAM but no change is induced in PC12 cells (Scherer et al., 1992) . Conversely, chemical depolarization and L1, and the calcium-dependent CAM N-cadherin, to determine whether action potentials applied decreases expression of apCAM (invertebrate homologue of NCAM) in Aplysia. This induces defasat specific frequencies can regulate the mixture of CAMs expressed in mouse dorsal root ganglion ciculation, which is thought to promote synaptogenesis to sustain facilitation of the gill withdrawal (DRG) neurons in culture.
The class of calcium-dependent CAMs include reflex (Mayford et al., 1992) . We have shown previously that expression of L1 is down-regulated by the cadherins, which bind homophilically (Takeichi, 1990) , and integrins, which bind to extracellular specific frequencies of electrical impulses in mouse DRG neurons in vitro (Itoh et al., 1995) . matrix proteins (McKerracher et al., 1996) . The various cadherins have a highly conserved cyto-
The paradox that CAMs can promote such diverse and antagonistic processes as cell adhesion/ plasmic region that can interact with ankyrin and other components of the cytoskeleton, and five stabilization versus motility/neurite outgrowth is explained by changes in the mixture of multiple structurally repeated extracellular domains containing multiple putative calcium-binding motifs. In
CAMs expressed in cell membranes in particular developmental and functional contexts. For examaddition to their adhesive function, cadherins activate intracellular signaling cascades by interacting ple, postmitotic neurons in the songbird forebrain undergo decreased N-cadherin expression relative with catenins and other signaling molecules (Nathke et al., 1995) . A specific form of cadherin, to Ng-CAM (the avian L1 homologue) expression prior to cell migration from the subventricular zone N-cadherin, is expressed in neural tissue and muscle, where it participates in selective attachment of (Barami et al., 1994) . Therefore, it is important to analyze multiple CAMs simultaneously to address neurites to particular cell types and promotes neurite outgrowth Burden-Gully and how neural impulse activity of particular patterns may regulate specific developmental processes in Lemmon, 1995) . Cadherin expression is down-regulated during periods of cell migration (Nakagawa association with changes in functional activity of the developing nervous system. and Barami et al., 1994; Redies, 1995) and myelination (Cifuentes-Diaz et al., 1994; Shibuya et al., 1995; and increased during peripheral nerve regeneration (Shibuya et Ide, 1996; Hasegawa et al., 1996) , and levels change in association with various nervous Cell Culture and In Vitro Electrical system diseases (Lagunowich et al., 1994) . The Stimulation normal decrease in N-cadherin in developing myotubes (Hahn and Covault, 1992) can be prevented Dorsal root ganglia were dissected from fetal mice at by blocking activity with d-tubocurare in cell cul-E13.5 days and neurons were dissociated with 0.125% ture (Fredette et al., 1993 ), but it is not known trypsin and maintained in medium containing 5% heatwhether action potential stimulation of controlled inactivated horse serum, supplemented with 50 ng/mL NGF according to previously published methods (Fields frequencies can regulate expression of N-cadherin et al., 1990) . Mitosis of nonneuronal cells was inhibited in neurons.
MATERIALS AND METHODS
by the addition of 50 mM FUDR 2 days after plating, and Chemical depolarization provides support for achalf the volume of culture medium was replaced at 2-day tivity-dependent regulation of members of the Ig intervals.
superfamily of CAMs, but results vary for different Electrical stimulation was provided by field electrodes CAMs and different cell types. Members of the Ig in multicompartment chambers as described previously superfamily, which include NCAM and L1, are in- (Fields et al., 1992) . DRG neurons (50,000 cells/side volved in neurite outgrowth (Appel et al., 1995) , compartment) were plated in the two side compartments axonal pathfinding (Sretavan et al., 1994; Honig and used 3-4 weeks after plating. The day before stimulaand , fasciculation (Magyartion, cultures were washed three times in medium lacking Lehmann et al., 1995; Honig and Rutishauser, added NGF to eliminate the influence of NGF on L1 expression (Itoh et al., 1995) . Neurons were then stimu-1996), myelination Wood 8p2e 1870 / 8P2E$$1870 09-26-97 11:38:09 nbioal W: Neurobio lated for 1-5 days with constant voltage stimulation as of NSE or GDPH mRNA. Normalization to NSE expression corrected for variation in density of cell plating and described previously (Fields et al., 1992) .
PCR efficiency.
Reverse-Transcription Polymerase Immunoblot Chain Reaction
Cultured DRG neurons were lysed with 0.25 mL of lysate Total cellular RNA was extracted from equal amounts of buffer: PBS containing 1% NP-40, 0.5% deoxycholate, 2 cultured cells or tissues by the method of Chomcynski mM EDTA, 10 mg/mL soybean trypsin inhibitor, 10 mg/ and Sacchi (1987) . The RNA (0.1-0.5 mg) was reversemL eggwhite trypsin inhibitor, 0.5 mM AEBSF, 1.0 m M transcribed by Superscript RNase H-reverse transcriptase benzamidine, 0.1 mM leupeptin, 10 mg/mL pepstatin, and (Gibco/BRL) and random primers for 1 h at 37ЊC and 1 mg/mL aprotinin at pH 8.0 (Calbiochem, La Jolla, CA). then heated for 10 min at 95ЊC to stop the reaction. A
The lysate was centrifuged for 20 min at 14,000 1 g at 10% portion of the synthesized cDNA was amplified in 4ЊC. The pellet was re-extracted and then the supernatant a total volume of 15 mL with 0.5 U AmpliTaq DNA was combined. (Sakimura et al., 1985) . In pilot experiments, conditions were established Immunocytochemistry in which the amount of PCR products increased linearly with increasing amounts of cDNA and increasing number After rinsing cultures with PBS to remove the culture of cycles (24-34). Reaction mixtures were amplified for medium, cells were fixed with 1% paraformaldehyde in 27 cycles, each cycle consisted of 60 s denaturation at PBS (pH 7.4) for 10-15 min. Cells were permeabilized 94ЊC, 60 s annealing at 56ЊC (for NCAD), 57ЊC (for for 5 min in ethanol at 020ЊC and incubated with 1% L1), 59ЊC (NCAM), or 60ЊC (for NSE and GPDH), and normal goat serum in PBS for 30 min at room tempera-120 s polymerization at 72ЊC. Ten microliters of PCR ture. Cultures were incubated with monoclonal antibody products was analyzed on 4% NuSieve 3:1 agarose or against neurofilament (RT97) for 16 h at 4ЊC and local-6% polyacrylamide gel and visualized with ultraviolet ized by indirect immunocytochemistry using biotinylated (UV) illumination after ethidium bromide staining.
antibodies to mouse IgG-F(ab)2 as described in the manufacture's protocol using Vectistain ABC method (Vector Lab., Burlingame, CA).
Semiquantitative and Competitive PCR
An L1 competitor (225 bases) was constructed from a nonhomologous DNA fragment (BamH1/EcoR1 frag- 
RESULTS

DRG Neurons
the L1 competitor (10 04 to 10 010 atm) were coamplified with a constant amount of the L1 cDNA reverse tranSeveral controls were performed to distinguish activscribed from total RNA using L1-specific primer as deity-dependent effects on gene expression from possiscribed above. PCR products were separated by electroble effects on neuronal survival. These cultures were phoresis in 6% polyacrylamide gels, stained with ethidcomposed primarily of large-type DRG neurons ium bromide, and quantified by imaging densitometry (ú70%) as distinguished by computerized morpho- or in cell culture (Snider, 1994) , but NGF is known rotrophins, cells were cultured in medium lacking added NGF during the 1-5-day period of electrical to increase expression of L1 (Itoh et al., 1995 Confirming previous reports (Itoh et al., 1995) , electrical stimulation at 0.1 Hz down-regulated L1 mRNA significantly, but stimulation at 0.3 or 1 Hz was without measurable effect [ Fig. 2(A) ]. Quantitative analysis using competitive PCR showed that the magnitude of this down-regulation was nearly 13-fold from unstimulated levels (Itoh et al., 1995) . In contrast, expression of NCAM mRNA was not altered significantly after 5 days of 0.1, 0.3, or 1 Hz stimulation [ Fig. 2(B) ]. N-cadherin mRNA was regulated by neural impulse activity, but with a different pattern of expression compared with L1 and NCAM. All frequencies of stimulation lowered levels of N-cadherin mRNA, in direct proportion to increasing stimulus frequency (r 2 Å 0.93; p õ 0.01) [Fig. 2(C) ]. Thus, these three CAMs exhibit quite distinct patterns of activity-dependent regulation in response to different frequencies of impulse activity.
Time Course and Bidirectional Control of CAM Gene Expression
Determination of the time course of regulation and response after terminating the stimulus is necessary to interpret the biological significance of this activity-dependent gene regulation. Down-regulation of L1 mRNA by 0.1 Hz stimulation followed slow kinetics, with differences not becoming significant until 5 days of stimulation [ Fig. 3(a,b) ]. No change in NCAM mRNA was detected after 1, 3, or 5 days stimulation at 0.1 Hz [ Fig. 3(c) ]. In contrast to of normal by 3 days after stopping the 5-day stimulus (Fig. 4) . This recovery shows conclusively that these activity-dependent effects are due to regularevealed no changes in cell survival after electrical tion of L1 mRNA expression in DRG neurons, stimulation at 0.1 or 1 Hz for 5 days in the presence rather than to stimulus-induced death of a subpopuor absence of 50 ng/mL NGF (Fig. 1) Fig. 5(B) ], but recovery was not yet evident at the level of L1 protein by 3 days after terminating the stimulus [ Fig. 5(B) ]. Three isoforms of NCAM were detected by immunoblot of cultured DRG neurons, with molecular weights of 120, 140, and 180 kDa [ Fig. 5(A) ]. Consistent with the constant expression of NCAM mRNA after stimulation, no significant change was detected in any NCAM isoform in immunoblots after stimulation (Table 1) or following cessation of stimulation [ Fig. 5(B) ]. Thus, there is no evidence for transcriptional or translational regulation of NCAM gene expression by neural impulse activity in these experiments.
Availability of specific antibodies recognizing Ncadherin in these neurons will be necessary to test the implication that the sharp decrease in expression at the mRNA level is accompanied by a corresponding decrease at the protein level. . Levels of NCAM mRNA were not affected by stimulation for 3-5 days at 0.1 or 1 Hz (c) (n Å 25 experiments). N-cadherin mRNA was lowered in õ1 day by 0.1 Hz stimulation, with a significantly greater decrease induced by 1 Hz stimulation (d) (n Å 15 experiments). Expression of neuron-specific enolase (NSE) mRNA remained constant throughout the experiments, indicating no detectable decrease in neuron survival during the stimulus period (e) (n Å 29 experiments). Analysis in (a,c-e) is based on densitometry of the PCR product after electrophoresis and is expressed as a ratio of neuron-specific enolase (NSE), to normalize for variation in cell plating density and PCR efficiency. L1 and NCAM polypeptide levels were determined in cultured DRG neurons by immunoblot (A) after (1) no stimulation or (2) 0.1 Hz stimulation for 5 days, or for (3) 3 days after stopping the 5-day 0.1-Hz stimulation. Consistent with mRNA measurements, L1 polypeptide levels were lowered after 5 days of 0.1 Hz stimulation (B), but no recovery was detected 3 days after terminating the stimulus (n Å 9 experiments). None of the NCAM polypeptide levels was affected by electrical stimulation or terminating the electrical stimulus (n Å 12 experiments). See Table 1. in response to particular patterns of impulses (Table  dependent down-regulation of L1 in DRG neurons. This was shown by plating neurons, which were 2). Chronic membrane depolarization with 60 mM KCl failed to alter L1 mRNA levels. Stimulation derived from their normal target in the ventral spinal cord, into the central compartment of the three-comwith a pulse-train pattern (five impulses at 10 Hz every 2 s) was also without effect (Table 2) . Previpartment chamber. DRG neurons were plated into the two lateral compartments and allowed to extend ous results from this laboratory have shown that this phasic pattern of stimulation induces persistent axons into the central compartment, where they form synapses on the ventral spinal cord neurons. changes in synaptic strength in these multicompartmental cultures when DRG neurons in the side The formation of synapses from DRG axons onto spinal cord neurons in this preparation has been compartments are used to innervate neurons from the ventral spinal cord plated in the central confirmed by electrophysiologic recording (Nelson et al., 1989; Fields et al., 1992) . Electrical stimulacompartment (Nelson et al., 1989) . This suggests that regulation of L1 expression by impulse activity tion of DRG neurons in these cocultures failed to alter L1 expression (Table 2 ). This indicates a funcis not involved in this activity-dependent synaptic plasticity.
tional context prior to synaptogenesis for down-regulation of L1 by neuronal impulse activity. Target-derived influences blocked the activity- 
Distribution of an Alternative Splice
tected in brain and cultured DRG neurons, but L1 lacking the RSLE sequence was not detected in
Variant of L1 Message in Cultured
these cells ( Fig. 6 ) . This short-splice form was
Neurons and Schwann Cells
expressed in cultured Schwann cells, however, An alternative splice variant of L1 differs by the ( Fig. 6 ) . The appearance of the short-splice L1 exclusion of a short RSLE sequence in the intravariant following PCR amplification provided a cellular domain ( Miura et al., 1991 ) . The shortsensitive method to detect Schwann cell contamisplice form has been associated with increased nation of DRG neuron cultures. No Schwann cell cell migration, and the long form with neurite contamination of L1 message was detected in outgrowth ( Takeda et al., 1996 ) . It is possible these neuronal cultures. Cultured fibroblasts also that neural activity could alter the relative expresshowed no L1 mRNA of either splice variant. sion of these isoforms to regulate these different These results lead to two important conclusions: functions. PCR primers were designed to amplify ( a ) Any changes in L1 levels observed after stimfragments of L1 corresponding to the cytoplasmic ulation of DRG neurons in culture are due to efdomain of the molecule in the region including fects of impulse activity on neuronal expression the alternatively spliced RSLE sequence ( Miura of L1; and ( b ) neural impulse activity does not et al., 1991 ) , and these two isoforms were distininfluence the alternative splicing of L1, because guished by the different size of the PCR products the short-splice form was never observed in DRG cultures under any stimulus condition. ( 136 and 124 bp ) . The full-length form was de- 09-26-97 11:38:09 nbioal W: Neurobio DISCUSSION must pertain to early developmental events prior to the onset of spontaneous activity. N-cadherin has been shown to promote initiation of neurites, neurite The results show that neural impulse activity can regulate expression of CAMs in DRG neurons. This outgrowth, and growth cone motility in retinal ganglion neurons (Riehl et al., 1996) , which are early regulation operates at the level of transcription or stability of the mRNA transcripts and affects memdevelopmental events. NCAM mRNA and protein levels were not regubers of both major families of CAMs: the Ig superfamily and cadherins. The effects are selective for lated by impulse activity in these experiments, suggesting that NCAM expression does not have a maspecific types of CAMs, and the regulation is sensitive to different frequencies of electrical stimulajor role in activity-dependent plasticity in DRG development. NCAM may still have an important tion. N-cadherin mRNA levels were decreased rapidly by both 0.1 and 1 Hz stimulation, but L1 exactivity-dependent influence, however, through post-translational modifications, as has been shown pression was lowered after 5 days of 0.1 Hz stimulation, and 1 Hz stimulation had no effect on for innervation of neuromuscular junctions (Rutishauser and Landmesser, 1996) , or through hetero-L1 levels. In contrast, NCAM expression at the mRNA or protein level was not altered by either philic interactions with L1 (Kadmon et al., 1990) , as illustrated by cooperative interactions between frequency of stimulation. Activity-dependent plasticity has been associated with changes in an alter-NCAM and L1 in hippocampal LTP and cell-cell adhesion (Luthl et al., 1994; Muller et al., 1996) . native splice variant of NCAM (VASE insert) . However, the RSLE splice There was a weak trend for increased expression of the 120-kD isoform of NCAM and a decrease in the form of L1 was not regulated by impulse activity in DRG neurons. The dynamics of changes in L1 140-kD isoform with stimulation (Table 1 ). These differences were small and not statistically signifimRNA levels induced by electrical stimulation in vitro differ for L1 and N-cadherin. N-cadherin cant, but it is worth noting these trends in view of recent research showing that NCAM isoform levels mRNA levels were significantly lower after 1 day of 1 or 0.1 Hz stimulation, but down-regulation of in muscle are regulated by contractile activity (Rafuse and Landmesser, 1996) . L1 was relatively slow, with 3-5 days stimulation required to reduce L1 mRNA significantly. Levels of L1 mRNA increase slowly after stopping stimCorrelation between Impulse Activity ulation.
and Development of DRG Neurons
Although it is not possible to extrapolate these rePossible Functional Significance of sults to in vivo conditions, this is an important conDifferences in Activity-Dependent sideration for future research. The results in cell Regulation of N-Cadherin, L1, and culture suggest that L1 and N-cadherin levels would NCAM be relatively high prior to development of spontaneous electrical activity in DRG neurons in vivo. L1 The 13-fold down-regulation of L1 mRNA produced by 0.1 Hz stimulation would be expected to would also be higher in neurons with higher frequencies of impulse activity (ú1 Hz), but N-cadhproduce significant functional effects, given that only a twofold change in expression of NCAM or erin levels would be depressed. Very low-frequency impulse activity (0.1 Hz) would reduce L1 expresNgCAM (the L1 homologue in chick) produces a 30-fold change in binding rate (Hoffman and Edelsion, except for neurites reaching a source of NGF or contacting neurons in the ventral spinal cord. man, 1983). We have demonstrated previously that the reduction in L1 expression induced by 0.1 Hz Current information on the developmental sequence of DRG neurons is consistent with these predictions. electrical stimulation is sufficient to produce structural and functional effects in cell culture (Itoh et Virtually absent in DRG neurons postnatally, spontaneous electrical activity develops for unal., 1995) . Cell-cell adhesion is reduced, axons defasciculate, and Schwann cell association with axknown reasons at about E16 in lumbar DRG neurons of the rat. Initially, firing is very low frequency ons is inhibited.
Expression of N-cadherin was decreased in direct (õ0.5 Hz), but the frequency of firing increases to maximal rates at about E18-19 and then abates proportion to the frequency of impulse activity. The specific functional significance of this down-regulacompletely by birth, to be replaced by high-frequency, stimulus-evoked activity (Fitzgerald, tion is not yet known, but as impulse activity of any frequency inhibited its expression, the functional 1987). Several developmental changes in DRG neurons coincide with these changes in activity pattern. significance of high levels of N-cadherin expression 8p2e 1870 / 8P2E$$1870 09-26-97 11:38:09 nbioal W: Neurobio Thus, action potential activity divides development the spinal cord by E12, finally begin to extend collaterals into the gray matter (E15) (Ziskind-Coninto three general phases: (a) a preimpulse activity period, (b) a low-frequency spontaneous activity haim, 1990; Fitzgerald, 1991) at the time spontaneous activity begins. period, and (c) a final phase of high-frequency, phasic, and stimulus-evoked firing. The relative mixture Defasciculation of peripheral terminals and penetration of central axons into the spinal cord at the of NCAM, L1, and N-cadherin expressed in DRG neurons stimulated with these three general activity time low-frequency spontaneous activity begins may be promoted by down-regulation of L1 and patterns would have functional consequences consistent with the developmental processes accompa-N-cadherin induced by low-frequency spontaneous activity. There is substantial evidence that reduced nying these three phases of activity (Table 3) .
Neurite outgrowth occurs largely during the pe-L1 expression promotes defasciculation and that this can promote synaptogenesis and facilitate changes riod prior to spontaneous electrical activity, when DRG neurons are extensively coupled electrotoniin direction of neurite outgrowth at critical anatomical loci. Inhibition of L1 function partially defascically through gap junctions (Fulton et al., 1990; Fitzgerald and Fulton, 1992) . N-cadherin and L1
culates nerve roots and enhances the growth of axons over myotubes ; Dahm promote outgrowth of neurites from several types of neurons (Lemmon et al., 1992) . Relatively high and Landmesser, 1988) . If expression of the NCAM homologue in Drosophila (Fasciclin II) is increased expression of these two CAMs prior to spontaneous impulse activity would promote neurite outgrowth by genetic manipulation, axons of the RP3 motor neuron fail to defasciculate and leave the common and fasciculation. Previous work showing that higher frequencies of action potentials (2.5-10 Hz) motor pathway at a critical choice point to innervate their appropriate muscles (Lin and Goodman, induce collapse of growth cones in DRG neurons Fields, 1994 ) is also consistent 1995). In summary, the reduction in L1 and Ncadherin mRNA induced by low-frequency action with outgrowth occurring largely prior to spontaneous impulse activity.
potential firing are compatible with the transition from a neurite outgrowth phase to a synaptogenesis Low-frequency spontaneous activity starts at about the time peripheral endings reach the subepiphase, which follows the onset of spontaneous activity in these neurons in vivo. dermis (Reynolds et al., 1991; Fitzgerald, 1987) . The onset of spontaneous activity coincides with Spontaneous activity in DRG neurons declines in later stages of development as high-frequency, a number of major developmental transitions. The peripheral endings begin to defasciculate to form a sensory-evoked activity develops (Fitzgerald and Fulton, 1992) . This period is accompanied by the diffuse subepidermal plexus (about E17) (Fitzgerald and Fulton, 1992) , and DRG neurons become formation of peripheral sensory end organs (E14-E19), consolidation of the subepidermal plexus of electrotonically uncoupled (cell coupling declines from E15 to E16 until birth) (Fitzgerald and Fulton, DRG terminals (E17 to birth) (Reynolds et al., 1991) , and synaptogenesis of the central terminals 1992). Central DRG terminals, which had reached 8p2e 1870 / 8P2E$$1870 09-26-97 11:38:09 nbioal W: Neurobio of DRG neurons with dorsal horn and motoneurons brain. There is wide overlap in functions mediated by various CAMs, but each CAM has distinct prop-(beginning about E17) (Kudo and Yamada, 1987; Ziskind-Conhaim, 1990 ). Consolidation of peripherties and functional interactions. Functional specificity is provided by sequential changes in the relaeral axon terminals and formation of central synapses are coincident with changes in firing pattern tive abundance of different CAMs. The present results show that action potential firing pattern can that increase levels of L1 in DRG neurons in culture. The increased expression of L1 may help terminate regulate the relative abundance of different CAMs in a sequence that is consistent with the developthe period of axon terminal defasciculation and thereby promote the consolidation of functional mental process of these neurons in vivo. connections. L1 is also necessary for initiation of myelination, which begins in the perinatal period
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N-cadherin levels would not increase as the firing pattern became more rapid. This suggests that high REFERENCES levels of N-cadherin expression may be less important after synaptogenesis than for earlier devel-APPEL, F., HOLM, J., CONSCIENCE, J. F., VON BOHLENUND opmental processes in DRG neurons. Inhibition of HALBACH, F., FAISSNER, A., JAMES, P., and N-cadherin function in developing retinal ganglion . Identification of the border neurons in vivo impairs axon and dendrite initiation between fibronectin type III homologous repeats 2 and and outgrowth, and causes growth cone arrest, with-
